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SECTION I

General Introduction

L. S. Tan, F. E. Arnold, and H. Chuah [1] reported the use of Lubrizol, a high

molecular weight alkyl polymer with sulfonated side chains, in forming a molecular

composite film with Poly[(benzo[ 1,2d:4,5d']bisthiazole-2,6-diyl)- 1,4-phenylene (PBZT).

This sytem represents a new class of rigid-rod molecular composite system that is different

from all the rigid-rod molcular composite systems that were studies previously. All

previous systems were systems where there were no interaction between the coil and the

rigid-rod. The phase behavior of such systems was described by Flory's Theory which

uses only volume exclusion consideration and does not assume any interaction between the

rod and the coil. The Flory's theory was found to be in good agreement with experimental

results of all the systems studied previously.

Because of the sulfonated side groups of Lubrizol, it serves as an ideal model

compound to study the effect of coil-chain interaction on the ternary phase behavior.

Specific interaction between the coil and the rod may give rise to unique properties in the

molecular composites.

The ternary phase diagram of MSA/PBZT/Lubrizol was constructed in this study.

The result showed that the behavior was different from that described by Flory's Theory.

The reduced concentration of PBZT appeared to be a constant. This means that the PBZT

is interacting with Lubrizol much the same way as the solvent molecule MSA. This

interpretation is reasonable in considering that both MSA and Lubrizol have sulfonated

groups in their structures. However, this behavior cannot be satisfactorily accounted for

within the theoretical framework outlined by Flory. It is not clear whether the deviation

was a breakdown of the Theory due to the presence of the coil/rod interaction or that the
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interaction of the coil/solvent was such that the rod does not feel the presence of the coil. A

phase diagram of MSA/PBZT/Nylon was also constructed by using the same molecular

weight PBZT for comparison. The nylon system showed phase behavior that agreed with

Flory's Theory. The back-calculated aspect ratio of PBZT decreased when "as-is" MSA

was used instead of a CSA/MSA mixture.

Preliminary data were also included in this report on the coagulation of the ternary

solution with water. The composition of the coagulated system appeared to be determined

not only by the initial rod/coil composition, but also by the solution concentration as well.

The role of the critical concentration on the coagulation behavior will be the subject of

future studies.
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SECTION II

Phase Diagram of PBZT/ZYTEL 330/MSA Solutions

2.1. INTRODUCTION

Continuous efforts to achieve practically useful molecular composite have been

made in the Air Force Materials Laboratory since the first concept of molecular composite

was reported more than ten years ago [2]. The molecular composite fiber of PBZT and

ABPBI has been obtained and the uniaxial modulus of the composite exactly follows the

general rule of mixture[3]. However, the preparation of high strength molecular composite

of block has not been made successfully.

A processing method for making block molecular composite has been developed

using methane sulfonic acid (MSA)[4]. The method is the direct block coagulation of the

MSA solution under pressure followed by a consolidation step. As reported in previous

technical reports of polybenzobisthiazole (PBZT) and nylon composite system [5-7], there

exists a number of problems during the processing of block type composite, such as void

formation during coagulation, phase separation of the second component, gellation

phenomena, and the layer formation during consolidation step. The consequence of these

problems leads to the poor mechanical properties of these final products. For this research,

it is an attempt to understand the critical phase behavior of the ternary systems of

Nylon/PBZT/MSA during the coagulation process.



2.2. EXPERIMENTAL

PBZT was prepared by SRI International in the form of a dope in polyphosphoric

acid and these dopes were coagulated and pulverized into PBZT flakes by neutralizing and

drying. The details of preparation procedure are well explained in the previous technical

report[8]. The PBZT that was used in this study had an intrinsic viscosity of 16 dl/g

(#A00131) in methane sulfonic acid(MSA) solution, corresponding to an average molecular

weight of 27,000. Nylon components used as matrix were DuPont Zytel 330 (#A90720),

which is amorphous polymer. All the polymers were used as received without further

purification.

The ternary phase diagram of PBZT/Zytel 330/MSA system was studied in the

range of the PBZT/Zytel 330 composition from 80/20 to 15/85. For a given PBZT/Zytel

330 composition, the critical concentration was determined by slowly titrating an

anisotropic solution of known concentration until the solution becomes isotropic phase.

The complete isotropic phases were confirmed by using optical microscopy under crossed

polarizer. The weight fraction of polymers at the critical point was then calculated from the

weight of solvent added. For each concentration, the stirring at room temperature usually

lasted for three days in order to get a homogeneous solution. The same titration method

was employed for the phase diagram of PBZT/Zyte1 330 in mixed solvent of 97/3

composition of MSA/ chlorosulfonic acid (CSA).

The liquid crystalline phase was examined using Leitz Ortholux IIPOL-BK optical

mnicroscopy under crossed polarizer. By placing the PBZT/Zytel 330/MSA solution drop

between two slide glasses and applying shear force, the anisotropic response under shear

force was studied under crossed polarizer.
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2.3. RESULTS AND DISCUSSION

2.3.1 FLORY'S THEORY

The Flory's theory [9] for the ternary system consisting of isodiameter solvent,

random-coiled chain, and rigid-rod solute has been proposed to understand the critical

phase behavior by assuming an "athermal condition", in which the free energy of mixing is

zero. Due to the geometrical and molecular configuration difference between the rigid-rod

and the flexible molecules, their compatibility during mixing is severely limited.

Partitioning of solute components between nematic and isotropic phases in equilibrium is

reminiscent of the fractionation of the pairs of rod-like solutes differing in axis ratio xi.

The diameters of components rigid-rod and random-coiled chain are assumed equal to that

of the solvent. The molecular volume of three components (solvent rigid-rod: coil) are

then in the ratio of 1: x2: x3, where x2 is the axis ratio of the rod molecule versus the

solvent and similarly x3 is that of the coil versus the solvent

Combinatorial analysis of the ternary system identified by use of the lattice model

yields for the mixing partition function ZM which implies the product of number of

configuration of rodlike species and random coil molecules in the empty lattice. By

utilizing Stirling's approximation for the factorials leads to the following Equation 1,

-InZM=nl Invl +n2lnv 2 +n3lnv 3 no [1-v2( 1-y/x2)]ln[1 -v2 ( 1 -y/x 2 )]+

n2 (y - 1) - n2 In (x2 y2) + n3(x3 1) -n3 In (x3 z 3 )] (1)

where no= nl+ n2 x2 + n3 x3  (2)

where vi is the volume fraction of respective components, z3 is the internal configuration

partition function for the random coil, y is the mean value of the disorder index at

equilibrium. By making first differential of Equation 1 with respect to y, one obtains

5



exp(-2/y) = 1- V2 (I- y/x2 ) (3)

Substituting equation (3) into equation (1), the chemical potentials of the anisotropic phases

can be derived

(I-i - glo)/RT = In v+ +V2 (Y I)X2+v 3 (1- l/x3) + 2/y (4)

(9t2- gt2)/RT = In (v2/x2 ) + V2 (Y-1 + v3 x2 (1 - l/x3) + 2(1 - In y )(5)

(93 - 13O)/RT = In (v3/x3 ) + v 2 (x3/x2) (y 1)+ v3 (x3 - 1) + 2 x3/y -lnz 3  (6)

The chemical potentials in the isotropic phases are given as follows,

(g1 - gIo)/RT =In v + v2 (1 - l/x2) + v3 (1 - 1/x3) (7)

(92 - g2 )/RT= In (v2/x2 ) + v 2 (x2 1)+ V3 x2 (1 - 1/x3) - In x2
2  (8)

(t3 - gt3 )/RT= In (v3/x3 ) + v2 x3 (1 - /x2) + v3 (x3 - 1) -'In z3  (9)

At equilibrium between an isotropic phase and an anisotropic phase, one obtains by

equating the chemical potentials given by Equations 4, 5, and 6 in the anisotropic phase

(primed) to the corresponding chemical potentials in the isotropic phase (unprimed) given

by Equations 7, 8, and 9, respectively.

In (vl'/v1) = A - B - 2/y (10)

In (v2'/v2) = (A - B) X2 - 2 In (x2 e/y) (11)

In (v3'/v3) = (A - B) x3 - 2 x3 /y (12)

A - v2 (1 - l/x2) + v3 (1 - l/x3) and B = v2(1 - l/x2) + v3'(1 - l/x3) (13)

6



Elimination of A - B by combination of Equations 12 with 11 gives

In (v2'/v2) - (x2/x3) In (v3'/v3) = 2 x2/y - 2 In (x2 e/y) (14)

For given x2, x3, and v2', these equations may be solved for y, v3', and V3 as
follows. y can be obtained from Equation 3 with v2 therein replaced by v2'. Choice of trial

values for v2 and v3 permits evaluation of A according to Equation 13 and of V3' by use of

Equation 14. Substitution of y, v2', and v3' in Equation 13 gives B value. Equation 11

may then be used to obtain a value for V2 with which to replace the trial v2. The value of

v2 that is consistent with the chosen v2 may then be determined by iteration. Substitution

of vl' = 1 - v2' - v3 in Equation 10 yields a value of v, which may be compared with v, =

1 - v2 - v3. A new value of v3 may then be chosen and the procedure repeated and so forth

until a satisfactory solution is obtained. The schematic diagram of whole calculation

procedures using Flory's theory is shown in Figure 1.

Figure 2 shows the theoretical treatment of critical concentration calculated using

different aspect ratio of rigid molecules and the contour length of coil-like molecules. It can

be seen that for a given set of x2 and x3, the phase segregation phenomena is enhanced

with increase of rod length, x2, and the critical concentration occurs at lower

concentration. And, as more flexible molecules are introduced, the volume available for

rod-like polymers decreases and so that the rodlike polymers are more packed and aligned

in the anisotropic phase. However, the effect of the chain length of the flexible coil

polymer, x2, on the phase diagram is not so marked as the effect of rigid-rod polymer.

This suggests that the dominant factors in constructing phase diagram are the axis ratio of

rigid molecules and the composition ratio of rigid polymer and coil polymer.

7



Given Xp, X3, V%'

IObtain y with V,- V, from
Equation (3)

Calculate A and v3' from
Eqn (13) and (14)
using trial values of,
V.* and V,*

Calculate B from Eqn (13)
using y, V,', Vj.'

Oblultain ne Ne V

Obtain Vandw V3 satsyn l

Eqns for given Xx, Xj, V34'

Figure 1. Schematic Diagram of Flory's Calculation for Ternary System



SOLVENT [11

-. X2  100 and X3 = 200
- x2 = OOand X3=300

x2 200 and X3 200

-- -- x2 =200and X3 =I
"X2 = 200 and X3 1000

0.1 0.1
V2 V

0.2 0.2

RIGID ROD [2] 0.5 COIL [31

Figure 2. Theoretical Treatment of Critical Behavior of Rigid-Rod/Coil/Solvent System

Using Different Aspect Ratio of Rigid-Rod, x2 and Contour Length of Coil, X3
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2.3.2. PHASE DIAGRAM OF TERNARY SYSTEM

The theory recently developed by Flory [9] described the critical phase behavior of

a ternary system consisting of isodiametrical solvent, rigid-rod polymer, and flexible coil

polymer. This theoretical analysis can be directly applied to the experimental result. With

the mixed solvent of 97/3 wt. % ratio of MSA/CSA, the critical behavior of PBZT/Zytel

330/solvent system was studied and is shown in Figure 3. The experimental critical

concentrations are summarized and compared with the theoretically calculated values in

Table 1. The theoretical aspect ratio of PBZT molecules are estimated to be 256 from the

model compound of repeat unit length of 12.2 A, repeat unit width of 4.691 A, and

polymer molecular weight of 27,000. The contour length of 300 for theNylon flexible

polymer was adopted for the theoretical calculation[10]. As seen in Figure 3 and Table 1,

the experimental results for PBZT'/Zytel 330/MSA-CSA system are in excellent agreement

with the theoretically predicted values.

The same phase diagram was constructed for PBZT/Zytel 330/MSA system and

shown in Figure 4. The MSA used was 99 % MSA "as is" from Aldrich Chemicals

without distillation. By titrating the anisotropic solutions of 100/0, 70/30, 50/50, 30/70,

15/85, 5/95 PBZT/Zytel 330 blends, all the critical concentrations were determined. They

are 4.0 %, 4.4 %, 4.8 %, 5.3 %, 5.8 %, 6.6 % respectively. With decreasing amount of

rigid-rod PBZT polymer, the trend of increasing critical concentration can be observed as

predicted by Flory's theory. When compared with the PBZT/Zyte1 330/MSA-CSA critical

phase boundary as shown in Figure 3, some discrepancy of critical behavior can be found.

It is due to the presence of small amounts of moisture in MSA solvent, which results in the

aggregation of PBZT molecules[1 1]. The effect of the aggregation is a decrease of actual

aspect ratio of rigid molecules in the solution. Using the "as is" MSA phase diagram to

10



(97/3 MSA/CSA)

C0 Isotropic Phase

t Anisotropic Phase

-- Experimental Critical Concentration

Theoretical Prediction

0.05 0.05

PBZT 0.5 Zytel 330

Figure 3. Experimental Phase Diagram of PBZT/Zytel 330/MSA-CSA System
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TABLE 1. Critical Phase Concentration of PBZT/Lubrizol/MSA

PBZT/ZYTEL 330 Cc, inMSA CLr in 97/3 Calculated C~c

Composition (wt. %) MSA/CSA (wt.%) (wt. %)

100/0 4.0 *3.6

70/30 4.4 4.0 3.9

50/50 4.8 4.3 4.2

30/70 5.3 4.7 4.5

15/85 5.8 4.9

12



MSA

o Isotropic Phase

A Anisotropic Phase

-- Experimental Critical Concentration

Theoretical Prediction

0.055

PBZT 0.5 Zytel 330

Figure 4. Experimental Phase Diagram of PBZT/Zytel 330/MSA System

)
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backcalculate the aspect ratio of the rigid molecules, the data showed a value of 220, a

decrease by 14 %. Using the Halpin-Tsai Equation, this will only have a minimum effect

on the reinforcing efficiency. So using the "as is" MSA would be acceptable for the

practical applications. But using "as is" MSA also means that a certain degree of PBZT

aggregation exists in the solution before coagulation[4]. Therefore, it is not surprising that

WAXD result of consolidated block showed the evidence of aggregation of rigid-rod

molecules. It is not clear whether additional aggregation is generated during the

coagulation process, and further decreases the aspect ratio of the reinforcement entities,

compromising the reinforcement efficiency of the rigid -rod molecules.

2.3.3 OPTICAL MICROSCOPY

The anisotropic solution of 5.8 wt% 5/5 PBZT/Zytel 330 in MSA was examined

using optical microscopy under crossed polarizer. The solution is above the critical

concentration(4.8 wt%) and optically opaque and show's dark green color. As seen in

Figure 5-a, the liquid crystalline domains can be observed. With application of shear force,

the anisotropic shear band can be found perpendicular to the shear direction mixed with

isotropic dark region (Figure 5-b).

14



b).

Figure 5. Optical Microscopy of 5.8% 50/50 PBZT/Zytel 330 in MSA;

Sa) no shear force and b) shear force applied
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SECTION III

Phase Transition of PBZT/Lubrizol Solution

3.1 INTRODUCTION

A ternary system of rigid-rod/coil/solvent was investigated for its nematic to

isotropic phase transition behavior. The rigid-rod component was PBZT which had a para-

catenated backbone leading to a rodlike polymer [12]; its chemical structure is sketched in

Figure 6-a. PBZT is a high-temperature polymer with no glass transition behavior up to

decomposition temperature and is soluble only in strong acids, such as methanesulfonic

acid (MSA). In solution, PBZT exhibits lyotropic liquid-crystalline characteristics, i.e.

below a critical concentration Ccr the morphology changed from anisotropic (nematic) to

isotropic. PBZT used in this study had an intrinsic viscosity of 16 d!/gm as determined in

MSA at 30 OC. Lubrizol, poly(sodium 2-acrylamido-2methylpropanesulfonate) as shown in

Figure 6-b, is a large linear polymer (with molecular weight about 3-4 x 106) soluble in

MSA and H20, and is known to degrade for long-term exposure in acid based on a

decrease of 15 percent in inherent viscosity over a period of two weeks in MSA [13]. In

having a sulfonate moiety on each side chain, Lubrizol is deemed to have certain

protonation interaction with PBZT. The effect of this interaction in the ternary solution of

PBZT/Lubrizol/MSA was examined by Ccr determination.

3.2 EXPERIMENTALS

PBZT involved in this study was coagulated in H20, from polymerization dope.

The dried and powderized PBZT was used for making the composite solutions. "bLubrizol

2420" as received, was a milky white, viscous, aqueous liquid. It was precipitated into a

16



*Poty(para-phenylene benzobisthiazole) (PBZT)

*Poly(sodium 2-acrylamido-2-methylpropanesulfonate) Lubrizol

4.CH 2-c CH-
0J 'NH-C-CH2 -SO3Na

6H3

Figure 6. a) Chemical Structure of poly(p-phenylene benzobisthiazole)(PBZT)

and b) Chemical Structure of Lubrizol
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mixture of toluene and methanol resulting in wax like polymer. After filtering and

washing, the Lubrizol polymer was dried and made into powder [ 13].

Various compositions of PBZT/Lubrizol were codissolved in distilled MSA for

forming homogeneous solutions. The compositions were 100/0, 70/30, 50/50, 40/60,

20/80 and 0/100 for PBZT/Lubrizol weight ratio. The solutions could be either isotropic or

anisotropic (nematic) depending on the polymer concentration. The phase transition was

induced by changing the polymer concentration either by titration, or by adding polymers

while maintaining the rigid-rod/coil composition. As the polymer concentration approaches

the phase transition concentration (Ccr), there was a significant increase in solution

viscosity making mechanical stirring for a homogeneous solution ineffective. We

circumvented this difficulty by manually stirring a small amount of the solution. This

greatly facilitated the preparation of homogeneous solutions required for phase transition

study.

CO of the homogeneous solution was determined by examining the solution

morphology using optical microscopy. In the nematic phase, the aggregation of the rod-

like PBZT polymer constitutes anisotropic domains; each with the PBZT polymer aligned

along a director which was usually the long-axis of the domain. While a polarized white

light passing through the anisotropic medium, it would induce birefringence showing

different colors according to the director orientation. For an isotropic solution which does

not have the aggregation of the rod-like PBZT polymer, this disperse chromatic effect

would not be observed. Instead, the solution would be monochromatic under cross polar

light. Al

In addition, complementary observations on viscosity and stir opalescence of the

solutions proved to be very helpful in determining Ccr for each composition. According to

Flory's [14] and Onsager's [151 theories, while the rigid-rod polymer concentration

increased to Ccr, the viscosity of the solution would raise significantly, and under a shear
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field the translucent isotropic solution will become opaque, this is called stir-opalescence.

As the polymer concentration increases further toward Cc,, the solution viscosity will

increase accordingly (making it difficult to be homogeneous) and the stir-opalescence

becomes more persistent. As the polymer concentration increased beyond Cc, the biphasic

morphology remains, the viscosity decreases and the opalescence is always present. To the

contrary, an isotropic liquid-crystalline polymer solution displays no birefringence under

cross polar, no persistent stir-opalescence, and lower viscosity. Ccr of a homogeneous

solution is defined as the concentration at which the isotropic solution becomes biphasic

with optically anisotropic domains dispersed in an isotropic background, or the biphasic

solution becomes isotropic with optically anisotropic domains disappeared forming an

isotropic solution, which both can be observed by optical microscopy.

The solution containing a lyotropic liquid-crystalline polymer undergoes a nematic

to isotropic phase transition over a very small range of concentration. For this reason, it

was difficult to determine precisely a critical concentration and the changes in polymer

concentration were kept small to avoid overshooting the phase transition. We examined

our solutions using optical microscopy for Ccr at which the solution changed from biphasic

to isotropic, or vice versa, under cross-polar. For selected compositions of 100/0, 70/30,

50/50, 40/60, 20/80 and 0/100 PBZTfLubrizol weight ratio, homogeneous solutions were

obtained and examined as aforementioned.
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3.3 RESULTS AND DISCUSSION

Since Lubrizol is not stable in MSA and also for demonstrating reproducibility, the

experiment was repeated for each composition with narrower concentration range and thus

less time consuming and less acid degradation to Lubrizol. This repetition produced similar

Ccr; the effect of acid degradation of Lubrizol on C.r of the ternary solutions was

negligible.

For example, the largest discrepancy was observed for the 50/50 PBZT/Lubrizol

composite solutions. After many changes' of polymer concentration during a period over

one month, the first composite solution showed a Ccr of 6.60%. The second solution

started as an isotropic solution and reached the biphasic state quickly showing a C•r of

6.96%. We adopt the latter value of Ccr as the critical concentration for this ternary

solution for expecting much less acid degradation happened to the Lubrizol. Similar

procedure was applied for other compositions revealing even more self-consistent Ccr

values. The result of Ccr determination is shown as a ternary phase diagram in Figure 7 for

the ternary solutions.

For providing base data, two PBZT in MSA (100/0) solutions was prepared and

observed to be biphasic at 3.65% and 3.66% weight fraction. Its Ccr is estimated to be

between 3.60% and 3.70% and a value of 3.65% is adopted. Taking into account the

PBZT intrinsic viscosity, the aspect ratio of the rigid-rod is estimated to be 240. [16] For

this composition, the Lubrizol concentration is zero. The classical theory on rigid-rod

phase transition [14] is applicable here and gives a Ccr of 3.6%. This result is remarkably

close to the experimental Ccr considering the athermal assumption involved in the theory

[14]. Similar effort was spent on the study of pure Lubrizol in MSA solution (0/100) not

for nematic to isotropic phase transition behavior but for solubility and acid stability. At

about 7% weight fraction, a gelation behavior was observed for Lubrizol ýn MSA. After an

effort over a period of about two weeks, the Lubrizol concentration was increased
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Figure 7. Phase Diagram of PBZT/Lubrizol/MSA System
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gradually to about 25% for a homogeneous solution. Its gelation behavior still persisted

without abating from acid degradation.

There are possibly two kinds of protonation interaction involving PBZT in the

ternary system: PBZT with MSA and PBZT with Lubrizol. Over a wide composition range

the ternary phase diagram does not show any distinction between these two. Instead, the

linear relationship shown in the phase diagram seems to suggest that Lubrizol has behaved

exactly like MSA in the ternary solution. The effect from a long coil-like Lubrizol polymer

is not evidenced. Table 2 compiles Ccr for each composition together with reduced PBZT

concentration at Ccr. It is obvious that the reduced PBZT concentration at Ccr is a

constant independent of Lubrizol content and agrees with that of pure PBZT in MSA.

Considering the ternary phase equilibrium theory proposed by Flory [9], the

effective molar volume ratio X3 for the Lubrizol in the ternary solution would be one just

like that of the MSA solution. This is a surprising result in view of Lubrizol is a linear

polymer with very high molecular weight; its X3 should have been in the order of 103 - 104

leading to a much lower Ccr for the ternary solution. However, the effect of protonation

interaction between PBZT and Lubrizol might have a role here. The stochiometric molar

ratio for the protonation interaction is 33/67, or a weight ratio of 32/68, for PBZT/Lubrizol.

For the compositions of 100/0, 70/30, 50/50 and 40/60, the protonation interaction of the

PBZT molecule in the ternary solution can not be totally attributed to the Lubrizol.

Nevertheless, these composite solutions show a similar reduced PBZT concentration at Ccr

like that of the 20/80 composite solution which is possible fully protonated by the Lubrizol.

In addition, the Lubrizol gelled at about seven weight percent in MSA. In the 20/80

composition solution, which contained about 13 weight percent of the Lubrizol, the

gelation phenomenon was observed during solution preparation. An identical reduced

PBZT concentration at CCr was obtained suggesting the gelation of Lubrizol had no effect

in the phase behavior of the ternary system. Finally, the Flory's modified lattice theory

does take into account the excluded volume effect but not, by assuming athermal, the
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TABLE 2 Critical Concentration of PBZT/Lubrizol/MSA System

PBZT/Lubrizol Composition Ccr(wt.%) Reduced PBZT Conc.(wt.%)

100/0 3165 3.65

70/30 5.14 3.59

50/50 6.96 3.48

40/60 8.25 3.30

20/80 16.92 3.38
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mixing free energy or intermolecular interaction. The excess protonation interaction

between PBZT and Lubrizol polymer seems to balance the excluded volume effect from

chain configuration of, and the gelation behavior of the large molecule Lubrizol giving a X3

value of one. By which, it is a very intriguing experimental result.
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SECTION IV

Coagulation of PBZTILubrizol Blends

4.1 INTRODUCTION

Because of its rigid chain configuration, the rigid-rod heterocyclic aromatic family

(poly-p-phenylene benzobisthiazole (PBZT), poly-p-phenylene benzobisoxazole (PBO)

etc.) has been studied extensively in the past for their unusual mechanical properties. As a

single component, the polymers can be processed into high performance fibers. The

polymers can also be used as reinforcement entities when they are dispersed in other

polymers to form structural molecular composites. Because of their conjugated structures,

these polymers and the related ladder polymers were found to possess other interesting

properties like conductivity [17] and non-linear optics responses [181. These types of

polymers would be an ideal polymer to investigate multi-functional materials.

For all the molecular composite systems investigated in the past, the rigid-rod

molecules and the coil molecules were codissolved in methane sulfonic acid (MSA) to form

a three component solution which was subsequently processed to form a two components

molecular composite. The ternary phase diagram of the three components solution was

described by the Flory's theory [9] which is based upon the topological difference (rigid-

rod and flexible coil) of the two polymers and does not contain any description of specific

interactions between them. However, specific interaction may be desirable in forming

multi-functional materials. This study is to investigate the effect of specific interaction

between the rod and the coil polymers on the ternary phase diagram and the coagulation

behavior of the two-component molecular composite.
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4.2 EXPERIMENTALS

A ternary system of rigid-rod/coil/solvent was investigated for its nematic to

isotropic phase transition behavior. The rigid-rod component is poly-p-phenylene-

benzobisthiazole (PBZT) which has a para-catenated backbone leading to a rodlike

polymer, its chemical structure is sketched in Figure 6-a. In solution, PBZT exhibits

lyotropic liquid-crystalline characteristics, i.e. below a critical concentration CO the

morphology changed from anisotropic (nematic) to isotropic. PBZT used in this study had

an intrinsic viscosity of 16 dl/gm (#A00131) as determined in MSA at 30 OC. Lubrizol,

poly(sodium 2-acrylamido-2-methylpropanesulfonate) as shown in Figure 6-b, is a large

linear polymer (with molecular weight about 3-4 x 106) soluble in MSA and H20, but will

degrade for long-term exposure in acid as evidenced by the decrease in specific viscosity as

a function of time [13]. In having a sulfonate moiety on each side chain, it is possible for

LubrizolTM to have protonation interaction with PBZT.

For the coagulation behavior analysis, six different solutions, 5.5 % 50/50

PBZT/Lubrizol, 7.6 % 50/50 PBZT/Lubrizol, 4.0% 70/30 PBZT/Lubrizol, 5.44% 70/30

PBZT/Lubrizol, 5.6% 30/70 PBZT/Lubrizol, and 9.9 % 30170 PBZT/Lubrizol mixtures in

MSA solvent, were prepared. The mixing of these solutions continued for 6-7 days until

the completely homogeneous solutions were obtained. Thin films from these solutions

were prepared on glass slides using a doctor blade. By placing 30-40 ml of solution on a

glass slide and applying the shear force with doctor blade, the very thin smeared solution

films were prepared on the glass slide. The prepared solution films were immediately

coagulated in the distilled water for 24 hours. The wet coagulated films were vacuum-

dried between two teflon plates under pressure for 1-2 days at 110 OC. The composition

variation of PBZT and Lubrizol in the coagulated films was studied using a Beckman

infrared spectrometer FT- 1100.
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For the rheological measurements of Lubrizol component in MSA, the viscosity of

Lubrizol/MSA system has been investigated using Rheometrics Mechanical Spectrometer

(RMS) with parallel plates at room temperature. For the Lubrizol concentrations ranging

from 1 to 14 wt.%, the steady shear viscosity at zero shear rate region was obtained.

WAXD was used to study the aggregation PBZT molecules and phase separation

of PBZT/Lubrizol coagulated blends. WAXD patterns were recorded with a flat-film

Statton (Warhus) camera using Cu Ka radiation, with a Ni filter, and a sample-to-filter

distance of 5 cm.

4.3 RESULTS AND DISCUSSION

For the molecular composite, it is desirable to have a molecular morphology in

which the rigid molecules are evenly dispersed in the coil-like polymer. This can be easily

obtained by using a common solvent in the isotropic state just below the critical

concentration. During the processing to solid state, the thermodynamic phase separation

between rigid-rod and flexible molecules is inevitable and this can only be prevented by

using kinetic approach, quickly transfering the isotropic solution to the coagulant an(

preserving the isotropic solution morphology in the solid state. However, it is not clear

whether real molecular level composite was obtained without phase separation through the

coagulation process. Therefore, by utilizing the Lubrizol polymer which could offer the

ionic interaction with PBZT molecules and studying the coagulation behavior of

PBZT/Lubrizol/MSA system, the effect of ionic interaction during the coagulation process

was studied. The composition ratio of PBZT and Lubrizol components before and after

coagulation procedure was analyzed using FTIR and TGA analysis. Since the Lubrizol is

soluble in water, the coagulated composition of PBZT/Lubrizol blend should be different
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depending upon the initial solution morphology and coagulation stage. Also, the effect of

critical concentration on the coagulation composition was studied.

Figure 8 shows the FTIR spectrum of pure Lubrizol powder mixed with KBr

pellet. The characteristic spectra of Lubrizol component can be observed at 1673.5 cm-1

which is believed to be the carbonyl stretching. In Figure 9, the spectrum of pure PBZT

powder is shown. The C=N stretching can be found at 1483.6 cm-1 and PBZT component

shows a very strong absorption band at 959.1 cm-1 which is assigned to the C - S bond in

PBZT component by using the IR table in reference[19]. Therefore, the unique chemical

structure of PBZT and Lubrizol component to be useful for the analysis of coagulation

composition in FTIR spectrum are carbon-sulfur group at 959.1 cm1 and C=O group at

1673.5 cm-1 respectively. By using these two IR spectra and measuring the areas of two

peaks, the composition analysis of the two components in the coagulated blends was made.

According to Beer-Lambert law, the absorbed radiation should be equal to the

product of concentration c, path length of the beam through the sample db, and the amount

of radiation per square centimeter, I. In Equations form, this can be summarized by,

-dI = a' c Idb (15)

log1O(I/Io)= logT = -abc (16)

A =abc (17)

where a' is a proportionality factor whose value depends on the absorbing molecules at a

particular frequency. Through the integration of Equation (15), Beer-Lambert law can be

expressed using percent transmission T and absorptivity a. By converting the percent

transmission to absorbance A, the Equation (17) which can be useful for IR analysis, is

obtained. Since the absorbance A is directly proportional to the spectrum absorbance area,
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the composition ratio of the PBZT/Lubrizol blend can be calculated using characteristic

spectra of PBZT and Lubrizol respectively. When each area of the two absorption bands

at 1673.5 cm-1 and 959.1 cm-1 were measured from the base line, the absorbance of each

spectra can be expressed using Beer-Lambert law. The ratio of two absorbances in the

blend is shown in Equation (18), since the segmental lengths, bi and b2, are the same.

A1/A2 =al bl cl/a 2b2 c2 = a, cl/a2c 2  (18)

From the IR spectra of reference mixtures of known composition ratio, it is

possible to obtain the ratio of al Cl / a2 c2 using Equation (18). For this study, three

reference samples were prepared by mixing the powder of 30i70, 50/50, and 70/30

PBZT/Lubrizol composition. Using Equation (18), the characteristic calibration curve of

PBZT/Lubrizol system can be constructed by calculating the ratio of al c1 / a2 c2 as a

function of composition. Figure 10 exhibits the calibration curve of PBZT/Lubrizol

mixture and from this figure, the composition ratio of PBZT/Lubriz0l blend with unknown

composition can be calculated. The infrared spectra of these reference samples are shown

in Appendix I. In order to check the linearity of above the relationship, the intensity ratio

of A2/A1 as a function of MW1 wt2 / MW2 wti was plotted and shown in Figure 11.

The almost perfect straight line of Figure 11 suggests that the calibration-curve in Figure 10

is valid within the composition range studied.

Coagulated films of 7.6 % 50/50 PBZTfLubrizol, 5.5% 50/50 PBZT/Lubrizol,

4.0% 70/30 PBZT/Lubrizol, 5.44% 70/30 PBZT/Lubrizol, 5.6% 30/70 PBZT/Lubrizol,

and 9.9 % 30/70 PBZT/Lubrizol compositions were investigated using FTIR analysis. The

IR spectra of these blends are shown in Appendix II. In Figure 12, the IR spectra of

different PBZT/Lubrizol composition at 1673.5 cm-1 and 959.1 cm-1 are shown. With

increasing PBZT content from 30 % to 70 % in PBZT/Lubrizol mixture, the carbonyl
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stretching band around 1673.5 cm-1 becomes smaller and the PBZT characteristic

absorption around 959.1 cm-1 becomes stronger.

By measuring area of above two characteristic spectrums of coagulated

PBZT/Lubrizol blends, the composition variations after coagulation were calculated and are

shown in Table 3, and all the composition ratio of PBZT/Lubrizol is expressed as wt. %.

The PBZT/Lubrizol coagulated compositions from solutions just below the critical

concentration, such as 5.5 % 50/50, 4.0 % 70/30, and 9.98 % 30/70 PBZT/Lubrizol

blends, are the same as the initial composition. This could be due to the molecular

entanglement between PBZT and Lubrizol or the ionic intermolecular interaction between

two components. The isotropic solution morphology just below the critical concentration is

directly transformed to the solid state during through the molecular interaction. However,

when the concentration is far below or above the critical concentration, the coagulated

compositions show different composition from the initial composition. This is due to either

the heterogeneity of solution morphology which has the PBZT molecular domains in the

Lubrizol components or the free Lubrizol which is soluble in the water.

For 9.98 % 30/70 and 5.44 % PBZT/Lubrizol blends, both coagulated films

yielded a lower Lubrizol content. It is possible that below a certain rod-coil ratio, there are

insufficient rod content to interact or entangle with all the Lubrizol present. The excess

Lubrizol which does not interact with PBZT should be dissolved out in water during

coagulation. Another interesting result to notice is that both 7.61 % 50/50 and 5.6 %

PBZT/Lubrizol coagulated blends show the same PBZTLubrizol composition of 40/60 wt.

% which corresponds to 33/67 molar ratio of PBZT and Lubrizol components. When the

PBZT and Lubrizol are dissolved in MSA solvent, the ionic interaction is formed between

the protonated PBZT molecules and the anionic sulfonic groups from both MSA and

Lubrizol. If the interaction is exclusively between the PBZT and the Lubrizol, the

stochiometric molar ratio of ionic species of PBZT and Lubrizol should be 33/67
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TABLE 3

SAMPLE b 2C2/b1 Ci PBZT/LUBRIZOL

COMPOSION

IDENTIFICATION Before Coagulation After Coagulation

5.50 wt.%(_Ccr) PBZT/Lubrizol 0.37 50/50 51/49

7.61 wt.% (>Ccr)PBZT/Lubrizol 0.28 50/50 40/60
4.00 wt.% (SCcr)PBZT/Lubrizol 0.58 70/30 70/30

5.44 wt.% (>Ccr)PBZT/Lubrizol 0.76 70/30 80/20

5.60 wt.% (<Ccr)PBZT/Lubrizol 0.27 30/70 39/61

9.98 wt.%(5Ccr) PBZT/Lubrizol 0.23 30/70 32/68

Reference Mixture 0.22

30/70 PBZT/Lubrizol
Reference Mixture 0.35

50/50 PBZT/Lubrizol
Reference Mixture 0.58

70/30 PBZT/Lubrizol

bI Absorptivity of Lubrizol Component

C1 : Concentration of Lubrizol Component
b2 : Absorptivity of PBZT Component

C2 : Concentration of PBZT Component
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PBZT/Lubrizol mol %. During the coagulation, the ionic network structure is preserved in

the solid state and excess amount of Lubrizol without molecular interactions should be

dissolved out. The coagulation composition data need further verification, but it is clear

that the rod molecule is affecting the solubility of Lubrizol and the critical concentration

plays an important role during the coagulation process.

The effect of coagulation time was studied by immersing the coagulated films in

the distilled water for 168 hours. The coagulated composition of PBZT and Lubrizol

component was calculated from FTIR analysis and was compared with the results of 24

hours coagulation in Table 4. There is no difference of PBZT/Lubrizol composition ratio

between 24 hours and 168 hours coagulation. This suggests that within the first 24 hours,

most coagulation occurs and the excess Lubrizol component without any intermolecular

interaction is dissolved out. Longer coagulation time does not have significant effect on

composition ratio of PBZT and Lubrizol in the coagulated blends.

4.3.2. WAXD

WAXD analysis were made for the coagulated blends of PBZT and Lubrizol and

analysis result is shown in Table 5. Since these samples were prepared through the hand

sheared quenching process, the small orientation effect of PBZT chain crystalline structure

along the shear-direction could be observed by the 4.0 A d-spacing of moderate arc

formation. Most diffraction patterns of the coagulated blends exhibit the certain extent of

micro-phase separation during the coagulation process as evidenced by strong reflection

pattern corresponding to 3.5 A and 6.1 A d-spacing. Depending upon the concentration of

polymers and composition ratio of two components, the coagulated microstructure should

be different. Usually, the PBZT/Lubrizol blends coagulated from solutions just below the

critical concentration shows less phase separated and less disordered X-ray scattering
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TABLE 4. Composition Variation of PBZT/Lubrizol Blends With Time

Sample Identification Initial PBZT/LUBRIZOL Coagulated in Distilled Water

Composition 24 Hrs. 168 Hrs.

5.50 wt.% PBZTILubrizol 50/50 51/49 50/50

7.61 wt.% PBZT/Lubrizol 50/50 40/60 42/58

4.00 wt.% PBZT/Lubrizol 70/30 70/30 68/32

5.44 wt.% PBZT/Lubrizol 70/30 80/20 76/24

5.60 wt.% PBZT/Lubrizol 30/70 39/61 38/62
9.98 wt.% PBZTILubrizol 30/70 32/68 30/70
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TABLE 5. WAXD Result of Coagulated Films

Coagulated Film d-Spacing (A)

7.61 % 50/50 PBZT/Lubrizol 2.43 3.45 4.06 6.09 11.93

5.50 % 50/50 PBZT/Lubrizol 2.47 3.46 4.08 6.10 11.80

4.00 % 70/30 PBZTfLubrizol 2.55 3.47 4.09 5.62 11.93

5.44 % 70/30 PBZT/Lubrizol 2.45 3.47 4.12 5.00 12.03

5.60 % 30/70 PBZT/Lubrizol 2.81 3.46 4.07 6.01 11.21

9.98 % 30170 PBZT/Lubrizol ** 3.43 3.94 5.27 12.17
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pattern, compared with those prepared above the critical concentration. However, it is not

clear whether the actual molecular level composite was obtained or not.

4.3.3. RHEOLOGY

The viscosity of Lubrizol/MSA solution with varying polymer concentrations was

examined in order to study the chain entanglement behavior of Lubrizol in MSA solvent.

By measuring the steady shear viscosity with frequency range from 10-2 to 102 sec-1 and

extrapolating to zero shear rate, the measured zero shear rate viscosity of Lubrizol/MSA

system was obtained and shown as a function of concentration from 1 to 14 wt.% in Figure

12. As seen in Figure 13, the slope of viscosity data exhibits sudden change around 6

wt.% Lubrizol concentration. This indicates that the onset of chain entanglement of

Lubrizol component in MSA occurs around 6 wt. % solution. Besides, it was observed

during solution preparation that is very difficult to mix and prepare the homogeneous

Lubrizol solution above 6 wt.%. Above this concentration, the prepared Lubrizol solution

does not show any flow behavior which is almost like a gum structure. This is due to the

entangled chain network structure formation of ultra high molecular weight Lubrizol

component which prevents the solution flow behavior.

4.4. CONCLUSION

The two polymer system, however clearly showed molecular composite behavior

because Lubrizol, which is water soluble, is coagulated along with PBZT from MSA

solutions. It is not clear at this point whether the ionic interactions between the two

polymers are responsible for the co-coagulation, or they co-coagulate because of chain

entanglement between the rod and the very high M.W. Lubrizol. Additional data are

needed to address these issues.
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Figure 16. FTIR Spectrum of 70/30 PBZT/Lubrizol Reference Blend
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Figure 17. FTIR Spectrum of 5.5 WT.% 50150 PBZT/Lubrizol Coagulated Blend
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